Introduction {#Sec1}
============

In the recent years, metal oxide nanostructures have neem investigated for a variety of applications such as sensors, energy efficient coatings, and semiconductor devices^[@CR1]--[@CR5]^. Copper oxide nanowires have attracted considerable interest during the last couple of years. This is partly caused by the semiconductive properties of CuO having a bandgap of 1.85 eV^[@CR6]^. The large surface of the nanowires is of advantage for many applications such as solar cells^[@CR7]^, catalysis^[@CR8]^, or sensor applications^[@CR9]--[@CR12]^.

Copper oxide nanowires can be grown by a wide variety of techniques^[@CR13]^. Growing them by just heating a copper surface in oxygen containing atmosphere might be the simplest procedure^[@CR14]--[@CR18]^. The nanowires form on the surface at temperatures ranging from 300 °C to 700 °C. Typically, higher temperatures lead to an increase in diameter, while longer growing times lead to an increase in aspect ratio^[@CR19]^.

The formation of the nanowires is connected to the two stable oxides of copper^[@CR20]^, namely cuprous oxide (Cu~2~O) and cupric oxide (CuO). The copper surface is oxidied at 70--110 °C forming a layer of Cu~2~O or its defect structure Cu~3~O~2~^[@CR21]^. Further heating to 200--270 °C leads to the formation of an additional layer of CuO on top of the Cu~2~O layer. The Cu~2~O layer is typically thicker than the CuO layer^[@CR22],[@CR23]^ and the crystallites in the Cu~2~O layer are also larger than those in the CuO one^[@CR24]^.

Crystal size of Cu and its oxides is, however, of great importance for the growth of the nanowires, which can form on top of CuO crystallites. In order to grow, copper atoms have to migrate through the two oxide films and up the nanowires. Grain boundary diffusion is considered to be the dominating contribution to this mass flow, followed by surface diffusion once the surface between the CuO grains have been reached^[@CR25],[@CR26]^. Consequently, a larger number of grain boundaries leads to increased diffusion and therefore to better growth of the nanowires.

The metallic copper underneath can affect the growth of the nanowires indirectly. The increase in volume during oxidation and the corresponding lattice mismatch of the two phases leads to stresses at the copper-Cu~2~O interface. The different thermal expansion of a substrate and a copper film can also induce stresses which influence nanowire growth^[@CR27]^. It has been shown that bending of copper foils leads to larger oxide grains at the compressed side and smaller on the tensile side. This reduces nanowire growth at the side of compressive stress and promotes it at the side of tensile stress^[@CR24]^. Similarly, increasing the surface roughness of the copper substrate leads to the nucleation of more grains, which becomes manifest in an increased number of nanowires on such a surface^[@CR28]^.

The aim of this work is to further elucidate the influence of the Cu substrate microstructure on the growth of cupric oxide nanowires by thermal oxidation. Therefore, three different Cu surfaces are investigated in terms of nanowire growth, namely a copper foil and two Cu films, evaporated and sputtered on silicon wafers. The motivation was to elucidate the growth process and microstructure of CuO nanowires on surfaces, which are commonly used in sensor applications. The silicon wafers had been coated with a titanium film as a undercoating^[@CR29]^. All surfaces are characterized before thermal oxidation using atomic force microscopy (AFM) and electron backscattering diffraction (EBSD). The actual heating and oxidation process was monitored *in-situ* using grazing incidence small angle x-ray scattering (GISAXS). The final state was investigated using scanning electron microscopy (SEM). The phases present within the samples were also checked *ex-situ* by means of x-ray diffraction (XRD).

Experimental {#Sec2}
============

Three different copper surfaces were investigated. Copper foil (≥99.8%, 0.1 mm thick, Sigma-Aldrich) was washed in 1 M HCl/H~2~O after delivery. The "evaporated Cu" was prepared by evaporation of 5 nm Ti adhesion layer followed by thermal thin film vacuum metal deposition of 550 nm Cu (UNIVEX 450, Leybold AG (Päffikon, Switzerland)). The third sample, sputtered Cu, was prepared by sputtering of 5 nm thick Ti adhesion layer and then Cu layer of 750 nm using a Sigma® fxP PVD System (Standard PVD -- conventional sputter module). All samples were cleaned before oxidation with isopropanol in ultrasonic bath for 3 min.

Surface topography was determined using a DME-BRR 2770 scanning probe microscope (SEMILAB-DME, Dk). The measurements were performed in non-contact mode using tips with a radius below 10 nm (Tap300Al-G, Budgetsensors).

Scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) analyses were performed using an Auriga cross beam workstation (Zeiss, D). It is equipped with a field emission electron source and an EBSD Detector (Oxford Instruments, GB). The dimension and the lateral resolution of the EBSD scans were choses to fit the grain size of the samples. Cross sections of the films were cut directly in the instruments with a focused ion beam source using gallium ions. Prior the focused ion beam (FIB) milling a Pt protection layer was deposited inside the microscope by ion beam assisted chemical vapour deposition from metal organic precursor.

X-Ray Diffraction (XRD) experiments were performed using a 5 circle diffractometer SmartLab (Rigaku, J) with Cu-Kα radiation, a primary parabolic multilayer mirror and a secondary graphite monochromator. A symmetric diffraction scan was measured using a 2θ measurement step of 0.02 deg and a speed of 2 deg/minute.

Grazing incidence small angle scattering experiments were performed using a NANOSTAR instrument (Bruker, Germany) equipped with an IµS microsource and a VÅNTEC-2000 detector operating at a wavelength of 1.54 Å (Cu Kα). The heating stage was based on a TC-DOME (Bruker, Germany) and placed within the evacuated sample chamber. A controlled atmosphere was provided by means of a double shelled cooled aluminium dome having an entry and an exit window made of Kapton™^[@CR30]^. The dome was connected to the exterior air and a continuous flow of fresh air was guaranteed. The temperature was measured using a S-type thermocouple in contact with the specimen and controlled by means of a TCU1 control unit (Bruker, Germany). The incidence angle of the primary beam was set to 0.25°.

All types of samples were simultaneously oxidized and measured using GISAXS using two different heat treatments. First they were heated at a rate of 10 °C per minute from room temperature to 450 °C followed by two hours at a constant temperature of 450 °C. GISAXS patterns with an integration time of 10 minutes were collected at room temperature and repeatedly during the final constant temperature step. During ramping up patterns were recorded every minute. The second series consisted of temperature steps at 25, 100, 125, 150, 160, 170, 180, 190, 200, 210, 220, 230, 240, 250, 275, 300, 325, 350, 375, 400, 425, 450 °C. The sample was kept at the specified temperatures for about 10 minutes before the GISAXS pattern was collected for another 10 minutes. The sample detector distance was calibrated by a measurement of silver behenate^[@CR31]^.
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Results {#Sec3}
=======

Atomic force microscopy measurements of the three surfaces are shown in Fig. [1](#Fig1){ref-type="fig"} (Supporting information Fig. [S1](#MOESM1){ref-type="media"}). In the case of the copper foil a large roughness average (Ra) value of 48 nm and a maximum height difference from 260 nm was determined. Evaporated copper film has a very small roughness average of 3.1 nm showing a great number of pyramidal surface features. No preferential orientation is visible, which is also the case for sputtered copper. In this sample, a slightly higher Ra value of 4.5 nm was determined. The lateral size of the more dome shaped features is also larger as for the film prepared by evaporating copper.Figure 1Atomic force microscopy measurements of the initial (**a**) copper foil, (**b**) copper film deposited from evaporated copper, and (**c**) film prepared from sputtered copper. The areas shown are 3 × 3 µm^2^ large and the scale shows the maximum height difference in the scanned area.

Inverse pole figure maps obtained via EBSD (Fig. [2](#Fig2){ref-type="fig"}) show laterally large grains on the surface of the copper foil, although some consist of much smaller grains (Supporting information, Fig. [S2](#MOESM1){ref-type="media"}). The average grain size is found to be 4.2 ± 3.4 µm and few of the grains exhibit a {111} surface. This is contrary to the observations made for the other two surfaces, where the {111} surfaces of the grains dominate the EBSD inverse pole figure maps. The grains of the surface deposited with evaporation technique are considerably smaller than the ones found on the surface of the copper foil having a diameter of 1.12 ± 0.65 µm. Besides the {111} surfaces, there is a considerable amount of grains that show {001} surfaces. This is not observed for the grains on the surface prepared by sputtering of copper. In this case, basically all features on the surface show only the {111} orientation, while other orientations are only observed in the interstices between these features (Supporting information Fig. [S3](#MOESM1){ref-type="media"}). The average diameter of these grains is 0.26 ± 0.13 µm.Figure 2Inverse pole figure maps based on electron backscattering diffraction of the (**a**) copper foil, (**b**) copper film deposited from evaporated copper, and (**c**) film prepared from sputtered copper. The insert in (**a**) gives the colour code of the images.

The GISAXS data presented here for the temperature dependence are the ones obtained from the step wise heating series. The scattering curves obtained from GISAXS (Fig. [3](#Fig3){ref-type="fig"}) all show a monotonic decay with increasing scattering angle. The constant background is small in all cases.Figure 3Scattering curves obtained from horizontal cuts through GISAXS scattering patterns of copper foil (**a**) during heating, (**b**) at constant 450 °C. Curves of the surface deposited from evaporated copper (**c**) during heating, (**d**) at constant 450 °C. Curves of the film prepared by sputtered copper (**e**) during heating and, (**f**) at constant 450 °C. The curves are coloured from blue to red with increasing temperature in (**a**), (**c**), and (**e**) and in the same order with increasing time in (**b**), (**d**), and (**f**).

The profiles that have been measured during the thermal treatment of the foil (Fig. [3a](#Fig3){ref-type="fig"}) increase in intensity up to about 350 °C and decrease when the sample is heated further. All curves show a weak shoulder in double logarithmic representation, but it is most pronounced at the temperatures that pertain to the highest intensities. The scattering curves of the same material at a constant temperature of 450 °C evince a pronounced increase of intensity with time (Fig. [3b](#Fig3){ref-type="fig"}).

GISAXS data of the copper surface deposited by evaporation show a basically constant slope without a shoulder during the heating process (Fig. [3c](#Fig3){ref-type="fig"}). Once again the curves reach an intensity maximum at intermediate temperatures, in this case at 160 °C. The series at constant 450 °C, however, is dominated by an increase in slope with time (Fig. [3d](#Fig3){ref-type="fig"}).

The scattering curves measured at the sputtered copper surface show an increase in intensity with temperature (Fig. [3e](#Fig3){ref-type="fig"}) that is combined with a steepening of the slope. The measurement at constant 450 °C shows no further significant change of the scattering profiles (Fig. [3f](#Fig3){ref-type="fig"}).

The parameter *L*~*c*~ obtained from the scattering profiles of the copper foil (Fig. [4](#Fig4){ref-type="fig"}) shows little change with temperature up to 275 °C. Thereafter, *i.e*. once the CuO film has fully developed, there is a first increase followed by a drop at 375 °C. Once the maximum temperature of 450 °C has been reached, *L*~*c*~ rises strongly with time. In the case of the film deposited from evaporated copper, there is a considerable increase of *L*~*c*~ at the temperatures that are typical for oxidation of Cu~2~O to CuO, followed by a slight decrease. Once a temperature of 450 °C has been reached, the parameter grows slightly with time. Finally, in the case of sputtered copper, *L*~*c*~ has also a maximum close to the temperatures where CuO forms. At temperatures above 300 °C *L*~*c*~ increases strongly and reaches at 400 °C its maximum, which basically does not change any more, even when kept at a constant temperature of 450 °C.Figure 4Development of parameter *L*~*c*~ with (**a**) temperature and (**b**) with time at 450 °C for copper foil (red), vapour deposited copper (blue) and sputtered copper (black). Oxidation temperatures to Cu~2~O and to CuO are shaded.

The slope of the scattering profiles (Fig. [5](#Fig5){ref-type="fig"}) of the foil shows no clear trend up to the temperature, where CuO forms. At higher temperatures the slope is steeper, but remains basically constant, while keeping the sample at 450 °C leads to a gradual steepening of the profile. A similar behaviour can be observed for the film of evaporated copper, although there might be an additional step in slope at about 100 °C, where Cu~2~O forms. The sputtered copper surface shows, however, a steepening of the slope already at temperatures below 200 °C. A second step is observed at 300--400 °C, while no change is observed when the sample is kept at 450 °C.Figure 5Development of the power law exponent α with (**a**) temperature and (**b**) with time at 450 °C for copper foil (red), vapour deposited copper (blue) and sputtered copper (black). Oxidation temperatures to Cu~2~O and to CuO are shaded.

The SEM images of the three surfaces after thermal treatment (Fig. [6](#Fig6){ref-type="fig"}) show nanowire growth in all three cases, where the wires have a diameter of approximately 60 nm. The copper foil is covered in most places by nanowires with a number density of 4.9 ± 2.0 µm^−2^. One elongated valley-like feature does not show nanowires growing from within, but it seems to be filled with granular structures. The nanowires, on the other hand do not seem to originate uniformly from the surface, but preferably from some small spots. The length can only be estimated roughly, due to the projection visible, but is at least 2--7 µm as estimated from a Focused Ion Beam cut (Supporting information Fig. S12) on a random position. The evaporated copper that has been deposited as a film shows, after the thermal treatment, a low density of nanowires of 3.2 ± 1.7 µm^−2^. Several areas on the size of 1 × 1 µm² are even basically void of any grown structure. The nanowires that are present on this surface are also in most cases shorter than in the case of the copper foil having a projected length of 0.3--1 µm. Finally the surface of the sputtered copper film is covered by a thick layer of nanowires, which has a density of 16.3 ± 2.6 µm^−2^. These nanowires have a high aspect ratio with a visible length of at least 0.5--2 µm.Figure 6Scanning electron microscopy images of the (**a**) copper foil, (**b**) vapour deposited copper, and (**c**) sputtered copper after the heat treatment.

X-ray diffraction results in spectra that show after thermal treatment peaks (Fig. [7](#Fig7){ref-type="fig"}) corresponding to metallic copper as well as to Cu~2~O and CuO. The spectra of copper foil shows peaks that can be attributed to all these three compounds: The copper (111) peak is seen at 43.2° and the copper (002) peak at 50.3° Similarly, the Cu~2~O (111) peak can be observed at 36.4° and the Cu~2~O (002) peakat 42.2°. CuO leads to overlapping (002) and $\documentclass[12pt]{minimal}
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                \begin{document}$$(\bar{1}11)$$\end{document}$ peaks at 35.4° and 35.5° as well as to overlapping (111) and (200) peaks at 38.7° and 38.9°. The same peaks can also be found in the XRD pattern of the sample based on vapout deposited copper. However, the XRD spectrum of the sputtered copper surface is largely dominated by peaks that are due to CuO, and the mentioned peaks of metallic copper and Cu~2~O cannot be identified here, despite of the fact that they should the most prominent ones of these components. An additional peak found for this sample at 44.6° in the XRD spectrum can be identified as Cu~3~Si^[@CR33]--[@CR35]^. This indicates that the thermal treatment of Cu films on Si substrates resulted in the expected diffusion of Si into the films and the build-up of silicides at the interfaces. Therefore, a detailed quantitative analysis of the interfaces chemistry of both oxidized films was performed and is presented in the supplementary material (Figures [S11](#MOESM1){ref-type="media"}, [S12](#MOESM1){ref-type="media"}, [S13](#MOESM1){ref-type="media"}). It should be, however, emphasized that the formation of silicides at Cu/Si(100) interfaces did not influence the formation and properties of the nanowires significantly.Figure 7X-ray diffraction of (**a**) copper foil, (**b**) vapour deposited copper, and (**c**) sputtered copper after the heat treatment. The coloured lines indicate the theoretical peak positions of Cu, Cu~2~O and CuO. A peak due to Cu~3~Si is marked with a star.

Discussion {#Sec4}
==========

*In-situ* observations {#Sec5}
----------------------

The actual growing process has been monitored by the GISAXS measurements. The large footprint of the incidence beam on the investigated copper surface leads to statistically reliable results at short measurement times, making this technique a good candidate for *in-situ* characterization. On the other hand, the obtained results are integral parameters averaging the individual characteristics of a larger surface area. One must also take into account that the scattering results are in reciprocal space, which requires a real space model for interpretation.

Taking the incidence angle of 0.25° and the beam diameter of about 300 µm this footprint would be about 7 cm long. This is much longer than the size of specimen, which had an extension of only about 1 cm. Consequently the collected GISAXS data correspond to the average of a surface area of about 0.3 mm times 10 mm which is 3 mm². The critical angles of total reflection of Cu, Cu~2~O, and CuO are all within the range of 0.40° to 0.41°, which is larger than the incidence angle. Therefore, the incidence beam basically does not penetrate into the material except for the evanescent field of total reflection.

The scattering profiles shown in Fig. [3](#Fig3){ref-type="fig"} have been computed only for cuts parallel to the surfaces, although two dimensional scattering patterns have been measured. This restriction was made because of the interference effects at the surface as described by the Distorted Wave Born Approximation "DWBA"^[@CR36],[@CR37]^. These affect mainly the contributions normal to the surface and require an exact knowledge of the incidence angle for a correct description. Due to the thermal expansion of all the components within the sample cell during the heating experiment, it cannot be guaranteed that the incidence angle does not change slightly. This might change the aforementioned interferences and thereby inhibits the reliable use of the vertical components of the scattering patterns. Such a slight movement might change the intensity of the horizontal cuts, but in this case, it would be a simple multiplicative factor. The parameters used in this study, namely *L*~*c*~ and α, are both insensitive to such a change.

The restriction to horizontal cuts implies that only lateral changes in structure sizes can be observed, while the actual growth of nanowires is normal to the surface. The growth of nanowires, however, also leads to a signal in horizontal direction due to their cross section. A further restriction is caused by the accessible *q*-range. It corresponds to an accessible minimum size of 1.5 nm^[@CR38]^, while the largest detectable sizes are on the order of 32 nm up to 80 nm depending on the minimum *q*-value. Smaller structures increase the constant background at large scattering angles. Structures that are larger than the upper size limit cannot be resolved, but lead to a power law behaviour at low *q*-values with a slope of 6-*D*, where *D* is the surface fractal dimension^[@CR39]^. Since the diameter of the nanowires is more likely to be in the size range probed by GISAXS, the restriction to horizontal cuts should have a minor impact on the actual data interpretation.

The inaccessible low *q*-range, makes it also impossible to extrapolate the scattering curve unambiguously to *q* = 0. However, such an extrapolation would be needed in order to compute and interpret *L*~*c*~ truly as the correlation length as introduced by Porod. Therefore, an increase and decrease of the parameter *L*~*c*~ can only be treated as an indication for changing feature sizes at the surface, while its value cannot be directly linked to a typical structure size.

Despite of this lack of an absolute scale of this parameter, all three surfaces show some common features. The formation of the Cu~2~O layer does not influence *L*~*c*~, while a maximum is found at temperatures, where the CuO layer is formed. The increase of *L*~*c*~ can be explained by the formation of cupric oxide grains. Such grains have been reported to be on the size range of about 100 nm, which is close enough to the size window observable by GISAXS. The subsequent drop at higher temperatures is likely not to be an actual decrease in size but related to the GISAXS technique. Growing grains leave the window of sizes that are observable by this technique leading to a seemingly decrease in size.

The sputtered copper surface shows at higher temperatures the marked increase in *L*~*c*~. Growth of CuO nanowires explains this feature. The horizontal cuts in the GISAXS pattern mainly probe the cross section of the structures. They should be close or within the range that can be probed by small angle scattering making the nanowire formation directly visible. The actual growth in length is not probed due to the orientation of the cut, but the nanowires would anyhow outgrow the accessible size window soon.

The other two samples do not show this increase in *L*~*c*~ during the temperature change, but when they are being kept at a constant temperature of 450 °C. This behaviour points towards a kinetic effect, where nanowires grow most slowly on the surface deposited from vapour and faster on the foil. The sputtered surface favours obviously the fastest growth, since the formation that can be monitored by GISAXS has already been completed prior to reaching the constant temperature.

These observations on the parameter *L*~*c*~ can be correlated to the slopes of the scattering curves. The power law behaviour is related to the aforementioned dimensionality of the structures probed by small angle scattering. The actual values are difficult to interpret, since two components may affect them. First of all, the surface shows structures of different sizes, *e.g*. oxide grains. Such a polydispersity lead to a superposition of the individual scattering contributions. If the grains could be described by a fractal aggregate, the scattering curve would show a power law with slope --*d*, where *d* is the mass fractal dimension^[@CR40]^. As stated above, a fractal surface leads to a power law slope of --(6-*D*), where *D* is the surface fractal dimension. Given the fact that different types of structures are present, the observed slope could be caused by a combination of both power law behaviours. A steeper slope may indicate a more compact structure in terms of mass fractal or a smoother surface in terms of surface fractal. Nevertheless, both possible changes indicate a loss of interstices either between the structures or at the surface and thereby a more compact structure.

The steepening of the slope of the scattering profiles measured at the sputtered surface above 300 °C and at the other surfaces, when kept constant at 450 °C, coincides with the increase observed in *L*~*c*~. It has been reported that CuO nanowires are single crystals or twinned crystals^[@CR23],[@CR41],[@CR42]^. Consequently their surfaces are likely to be smooth. A smooth surface has a dimensionality of 2, while the dimensionality of fractal surfaces is higher. One should therefore expect that the formation of smooth surfaces should result in a power law exponent that approaches --(6-2) = −4. This value is not actually observed for these scattering curves, but the trend towards steeper slopes points in this direction.

The copper foil and the sputtered copper surface show a dense layer of long nanowires. This is in good agreement with the strong change observed for the GISAXS parameters of these two surfaces when heated. The loose layer of short nanowires found on the vapour deposited surface should lead to a weak change of the GISAXS signal, which is actually the case. However, even these few nanowires have a diameter that is at least on the same order of magnitude, like in the other cases. Therefore, one might ask, why the parameter *L*~*c*~, which is related to the average size of the structures, increases only by such a small amount. The fact that one obtains a finite value even without the presence of nanowires at lower temperatures proves that other structures like the grains at the surface influence the result. Consequently, the value of *L*~*c*~ is an average parameter influenced by grain sizes and nanowire sizes. Growing nanowires just shifts the weight of the average more towards the value corresponding to their cross section.

Growth conditions have been identical for all three samples. Therefore, the observed differences in nanowire growth are caused by the metallic copper underneath the growing oxide layers. Possible factors are the substrate, sample composition, surface roughness, grain size, and grain orientation.

Sputtered copper film {#Sec6}
---------------------

The grains of the sputtered film are small (Fig. [2c](#Fig2){ref-type="fig"}). Their diameter is similar or smaller compared to the grain sizes reported for the Cu~2~O layer on copper foil during thermal oxidation experiments^[@CR24]^. Moreover, the nucleating islands on Cu(111) tend to align and coalescent^[@CR43]^, which may be related to the ordered "29" lattice structure of chemisorbed oxygen on such surfaces^[@CR44]^. Consequently, one can assume that each copper grain of the sputtered surface nucleates one grain of the Cu~2~O layer, which is small compared to the usual size of such grains. Therefore, the surface of the cuprous oxide grains is large leading to a relative high flux of material by means of grain boundary diffusion. Similarly, the fine Cu~2~O grains result in fine CuO grains. Since copper oxide nanowires grow from the top edge of the cupric oxide grains^[@CR26]^, these fine grains result in a high number of possible nanowires. Consequently, one expects a high density of copper nanowires on this surface. Such a relation between small grains of the copper substrate and strong growth of copper nanowires has also been observed by Liang and co-workers^[@CR45]^.

The flux of copper from the metal-cuprous oxide interface to the nanowire is essential for nanowire growth^[@CR26]^, and depends on the grain boundary diffusion through the two oxide layers. Therefore it is a function of the diffusion coefficient and of the fraction of the area that is covered by grain boundary layers and increases with greater area fraction and with higher temperatures. The small diameters of the Cu~2~O grains on the sputtered surface lead to a large area fraction occupied by grain boundaries. This can compensate for smaller diffusion coefficients at lower temperatures and lead to the same flux as through films containing of larger grains at higher temperatures. Therefore, one expects sufficient material diffusion for the onset of nanowire growth even at relative low temperatures, like at the observed 350--400 °C, while the other two studied samples show such growth only when kept at 450 °C.

The XRD data also agree with a fast diffusion within the film in the case of the sputtered surface. The other two samples show after temperature treatment the signatures of the original copper and of both of the oxides. The pattern of the sputtered film, however, has basically no sign of a lower oxidation state of copper than CuO. This indicates that diffusion within the film was fast enough for metallic copper and for cuprous oxide to react completely to cupric oxide within the time frame of the experiment.

Copper foil {#Sec7}
-----------

The grains of the copper foil are large and one has to assume that more than one island of cuprous oxide nucleates and grows on each. In addition, the surface is very rough which has been reported to enhance the growth of smaller grains of cuprous as well as cupric oxide. This consequently leads to enhanced CuO nanowire growth^[@CR28]^ and is caused by the inhibition of the free diffusion of oxygen, which reduces the probability that an oxygen atom is captured by an already nucleated oxide island. Therefore, a considerable large fraction of the surface should be covered by grain boundaries enabling grain boundary diffusion and consequently to nanowire growth. The growth of nanowires has been observed in GISAXS at a higher temperature compared to the sputtered surface. This is in agreement with a reduced flux and corresponds to the lower nanowire density found in the SEM images.

The roughness may also explain another observation, namely the relatively high fluctuation in nanowire density when comparing different areas of size 1 µm², which is 16% in the case of the sputtered surface, but 41% in the case of the copper foil. Based on the topography of the foil's surface (Fig. [1a](#Fig1){ref-type="fig"}) oxygen diffusion on the surface may be inhibited locally very differently by surface features. However, the orientation of the grains may also play a role, since different facets of copper crystals are exposed at the surface of the foil. The nucleation density of cuprous oxide islands during the initial phase of oxidation depends on the copper facet^[@CR43],[@CR46]^ with a higher nucleation density on Cu(110) than on Cu(100). The data present do not allow for a discrimination of these two effects.

The copper foil's surface after thermal oxidation lacks, according to the SEM image (Fig. [6a](#Fig6){ref-type="fig"}), nanowires within a valley, where other, globular structures have grown. This observation may be explained by the stresses at the copper surface. Compressive stress reduces the growth of nanowires^[@CR24],[@CR27]^. Given the densities of copper^[@CR47]^, cuprous oxide^[@CR48]^, and cupric oxide^[@CR11]^ it is obvious that the molar volume copper of 7.09 cm³/mol is considerably smaller than that of cupric oxide with 12.11 cm³/mol, while the volume occupied by cuprous oxide (CuO~0.5~) is within the range of 11.65 cm^3^/mol to 12.44 cm³/mol and thereby close to the one of cupric oxide. Therefore, especially the oxidation of copper to Cu~2~O leads to an increase in volume. The confined space within a valley restricts the growth of the oxide layer leading to compressive stresses in the oxide layer. This compression is likely to suppress in consequence the growth of nanowires within the valley.

Vapour deposited copper film {#Sec8}
----------------------------

Evaporated copper samples reveal the least of nanowire growth in terms of number density. Compared to sputtered Cu and foil, the growth is much slower, as seen in the late increase of *L*~*c*~ in the GISAXS data (Fig. [4](#Fig4){ref-type="fig"}) and the short wires in the SEM image (Fig. [6b](#Fig6){ref-type="fig"}). This is in agreement with the other samples, where high density was linked to fast growth. The surface of evaporated copper combines grains that are much larger than in the case of the sputtered one with the smallest roughness of all studied samples. Both effects do not inhibit the growth of the Cu~2~O grains and consequently one expects large grains and a small fraction of the area covered by grain boundaries of cuprous oxide. Therefore the flux of copper ions should be relatively small leading to a weak growth of nanowires. A second factor that could play a role is the influence of the substrate. El Mel and co-workers^[@CR49]^ found a strong increase in nanowire growth for film thicknesses from 300 nm to 700 nm. Similarly Wang and co-workers^[@CR50]^ have reported that no nanowires grew on a film of thickness 0.5 µm on a Ti/Si substrate, while growth was observed on a similar film of 1 µm thickness. This is likely to be caused by stresses since Chen and co-workers have observed nanowire growth at the edge of a patterned film of 400 nm thickness^[@CR27]^. The thermal expansion of copper (16.5·10^−6^ K^−1 [@CR51]^) is considerably larger than that of the silicon substrate (2.6·10^−6^ K^−1 [@CR52]^) and of the titanium layer (8.6·10^−6^ K^−1 [@CR51]^). Heating the sample consequently induces compressive stresses at the bottom of the copper film. Such stresses are reduced more easily within a film of 750 nm thickness, like in the case of the sputtered surface, than within 550 nm, like in the case of the vapour deposited film. As stated above, compressive stress inhibits nanowire growth, which might explain the reduced growth on this surface.

Conclusions {#Sec9}
===========

The growth of CuO nanowires was investigated on three different Cu surfaces. All three types showed a different formation temperature, thickness, lengths morphology and number density. The growth of CuO nanowires on different substrates can be explained well by means of grain boundary diffusion of copper. A high number of grain boundaries promotes flux as can be seen on the sputtered copper surface and on the copper foil. Roughness prevents the formation of larger grains of CuO on the Cu surface and enhances therefore the density of grain boundaries.

Stresses at the copper-cuprous oxide boundary also influences the growth. The compressive stresses in the thin film prepared by vapour deposition and within a valley of the copper foil reduce or inhibit nanowire growth. The foil sample exhibits the largest grain size of Cu, but also the highest roughness triggering the growth of fine Cu~2~O grains. This leads to the formation of many long NW.

The sputtered copper surface, which has a fine grain structure and a significant roughness exhibits the highest number density of nanowires and has also growth at the lowest temperatures. The film deposited from evaporated copper, having comparable larger grain size and a lower roughness on the other hand, has the lowest number density of nanowires, and these nanowires grow most slowly.
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